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1. INTRODUCTION

Nowadays, multilevel converters are gaining more popularity in industrial applications. This is
attributed to the increased demand for high power and voltage in these applications. The multilevel
converters offer several advantages over traditional two-level converters such as high power and high output
voltage levels capability, reduced filtering requirement, and reduced electromagnetic interferences [1], [2].
The available multilevel converters topologies are neutral-point-clamped (NPC) converters [3], flying
capacitor (FC) converters [4], cascaded h-bridge (CHB) converters [5], and modular multilevel converters
(MMC). The MMC s relatively the newest multilevel converter that was developed by Lesnicar and
Marquardt in 2003 [6].

Among the above mentioned multilevel converters, the MMC offers additional features [7], [8].
Scalability and modularity are some of these unique features that facilitate the extension of the voltage level
and power rating by simply increasing the number of submodules (SM). Reliability can be improved easily in
this topology by introducing additional SM, that will be switched ON in case of SM failure. In addition, the
MMC can offer a transformer-less operation.

Despite all these features, the use of MMC in VSD applications is still limited. The reason behind
this limited usage is that the voltage ripples of SMs are directly proportional to the amplitude of output
current and inversely proportional to its frequency, thus during low-speed constant torque operation of VSD
the voltage ripples of SM increases [9]. Therefore, to compensate for the large capacitor voltage ripples when
operating at low-speed constant torque, the rated value of the SMs capacitor must be increased [2].
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To overcome the problem of the increased voltage ripples lot of research has been conducted in recent
years. Korn et al. [9], proposed injecting high frequency components into the circulating current to reduce the
fundamental ripples of SMs. Picas et al. [10] developed the injection of second-order harmonic component into
the circulating current. In addition to the second harmonic injection [11] and [12] proposed the injection of the
fourth harmonic in the circulating current. The main drawback of these proposed injection methods is that they
increase the power losses as well as overrating the power devices in the MMC topology [13]. Apart from this,
all these injection methods use lookup table to calculate the required injected values of the circulating
current [14]. The research work in [15] provides real-time calculations of the injected circulating current.
However, these calculations ignore the power losses [16]. Most of the above-mentioned proposed method
injects a common-mode voltage along with the circulating current component as in [9], [17].

The common-mode voltage appears on the motor winding and result in a current flowing through
the bearing, which may cause permanent failure. In [18], [19], it was reported that the DC bus voltage could
be reduced by using another MMC as an active front end (AFE) rectifier in order to reduce the SM voltage
ripples. Using an AFE rectifier is practical when the regenerative mode is needed. However, when the
regenerative mode is not needed, the additional MMC increases the system costs.

The work [2] adds an active power filter (APF) to each SM in order to reduce the SM capacitor
voltage. Despite the reduction of SM voltage ripples, it requires twice the number of IGBTs and capacitors
compared to the conventional MMC. The work [20] proposes a modified MMC with an (APF) that connects
this filter between the last SM in the upper arm and the first SM in the lower arm to divert the power ripples
into the capacitor of the APF. However, this modified topology also increases the number of IGBTs and
capacitors. Moreover, the SM balancing method is slow when the number of SMs is large.

Another proposed solution to the problem of increased SM capacitors voltage ripples is to reduce
the average voltage of the SM during low-speed constant torque operation as proposed in [21]. However,
finding the optimal average voltage increases the computation burden. Moreover, this method will not be
effective at speeds that are less than one-third of the rated speed.

In this paper an approach for reducing the SM average voltage during low-speed constant torque
operation is proposed. It was observed that during low-speed operation the number of SMs inserted in each
arm decreases with the reduction of reference voltage. Therefore, the CPS-PWM is modified in this paper in
such a way that each arm has one more SM inserted. Thus, two more SMs are inserted into each phase, which
will result in a reduction of the SM voltage. As a result, higher capacitor voltage ripples can be tolerated
without crossing the capacitor voltage limit. This is the main contribution of this paper. The merit of using
this method is the elimination of the need for overrating SM capacitors. Moreover, it does not require the
injection of an oscillating component in the circulating current and the common-mode voltage that is widely
used to reduce the capacitor voltage ripples. Therefore, no additional losses are created.

This paper is organized as follows, the MMC basic structure and operation principle are presented in
section 2. The explanation of the proposed Modified CPS-PWM is given in section 3. Section 4 tests the
effectiveness of the proposed method. Finally, the concluding remarks are given in section 5.

2. MODULAR MULTILEVEL CONVERTER
2.1. Basic structure and operation principle

The development of the modular multilevel converter in 2003 by Lesnicar and Marquardt is
considered a breakthrough in multilevel converter topology. Figure 1(a) shows the basic circuit structure of
MMC. Each phase in the MMC is divided into two arms and each arm consists of N submodules that are
connected in series. The SM configuration that is used in this paper is the half-bridge circuit and it basically
consists of a capacitor and active switching devices as depicted in Figure 1(b). When the upper switch is on,
and the lower switch is off the SM is inserted in the arm circuit and the SM voltage is equal to the capacitor
voltage. In contrast, the SM is bypassed when the lower switch is on, and the upper switch is off resulting in
zero SM voltage. A staircase voltage is formed at the MMC output terminals by varying the number of
bypassed and inserted SMs.

2.2. Mathematical model of MMC
For the purpose of simplifying the development of the MMC mathematical model, the SMs of the
upper and the lower arms are replaced by a voltage source (v, v;) as shown in Figure 2. The relationship
between the arm voltages DC link voltage, and the output voltages are obtained by applying Kirchhoff's
voltage law as follow:
diy

e — p, = v, + Riy + LY @)
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v, , di
%+vo=vl+RLl+ Ld—tl 2
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where i, and i; are the currents in the upper and lower arms, respectively. The equivalent resistance of the
semiconductors switches and cables is represented by R, While arm inductance is denoted by L, v, and i, are
the output voltage and current, respectively.
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Figure 1. Three-phase MMC based VSD: (a) MMC and (b) SM Figure 2. Single phase MMC

The arm currents are represented by (4).
by =2 il = =24, (4)
Where L, represent the circulating current that goes inside the MMC, and it is given by (5).

iy+ip

i, = ®)
Subtracting (1) from (2) and substituting i, for i,, — i; the following in (6).

i~y
2

R . Ldi
=l70+;lo+;d—to ®)

The term (v; — v,,)/2 in (6) represent the inner emf voltage that yields the MMC output current and for
simplicity, it is replaced by e; as (7).

R. | Ldi,
e =v,+-i,+-—2 7
] o 2 (] 2 dt ()

Adding (2) to (1) and by substituting (i, + i;)/2 by i, in (8).

LSZ+ Ri, = e — 2t ®)

2 2
By substituting the term (V;./2) — (v, + v;)/2 by v, in (9).

diy .
Ld—lt+Rlz =, 9

Where v, is the voltage that produces the circulating current inside the MMC. From the above equations, the
upper and the lower arm voltage are givens as follows:
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v
v, =%—¢ -,
: (10)
_Vdc
v ="2te -,

2.3. MMC during low-speed constant torque operation

As stated previously in the introduction, MMC is still not widely used for VSD applications due to
the increased voltage ripple caused by constant torque low-speed operation. To understand the reasons
behind this increased voltage ripples, consider the following equations.

The upper and lower arm powers in each phase are given as:

Pew = Vyui = ("2 = &) (24 1, (11)
Py = Uyl = (V‘“ + e}) (—%"+ iz) (12)

to simplify the analysis in these equations, the voltage drop across the arm inductor and resistor are neglected,
therefore the emf voltage in (7) will be equal to the MMC output voltage (ej = vo). Thus, (11) and (12)
becomes:

Py = Uyloy = (% - 170) (l;o + iz) (13)

Py = Vyyiy = (Vi + vo) (—l;" + iz) (14)
The MMC output voltage and current are represented by:

v, = V,cos wt (15)

i, =1I,cos (wt — @) (16)

where V, and 1, are the output voltage and the output current magnitude respectively, w is the angular frequency
of the output and ¢ is the phase lag angle.

In this paper the circulating current i, harmonic components are suppressed only if-else is stated.
Therefore, the circulating current consists only of a DC component that ensures the power balance between the
DC and AC sides. Thus, according to [13] the circulating current is given by (17).

i, = imlocos 1) @an

Where m is the modulation index and it relates the MMC output voltage and DC voltage by (18).

m =2 (18)

Vac

Substituting (15)-(18) into (13) and (14) and rearranging the equations:
P, = Vd” 0 [cos (wt — @) — —cos (wt)cos (@) — —cos Lot — <p)] (19)

Py = Vd” = [—cos (wt — @) + m;cos (wt)cos (@) —%cos Qwt — (p)] (20)

The upper and the lower arm energy are obtained by integrating (19) and (20).

En = Yaclo [% sin (wt — @) — —m cos (¢)

; sin wt — —Sln Cwt - <P)] (21)

E, = Yacl [ =sin (wt — @) + —m tos (@)

m .
; sin wt — = sin (2wt — <P)] (22)
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When it comes to VSD application, the term m/w is constant, therefore the third term on the right-hand side
of (21) and (22) is constant. On the other hand, the first term in (21) and (22) will increase with the increase
in speed while the second term will decrease. During low-speed operation the dominant term in case of
energy variations is the first term, thus (21) and (22) will be:

Ew = Yaclo [i sin (wt — go))] (23)

4

E, = % [—%sin (wt — (p))] (24)

The peak-to-peak energy variation is given as (25).

_ 2P,

AE,, = AE, == (25)

Where P, = V,4.1,/4 and is related to the SMs voltage ripples as:

2P, 1 1

2o = N (5 CViiman) = 5 CVeminy) = NV.CAY, (26)
AV, is peak to peak capacitor voltage ripple of the SM. The term NV, is equal to V.. Thus, the SM voltage
ripple can be represented as (27).

2Py o
wCVqc 2wC

AV, =

(27)

From (27) it is obvious that the voltage ripple of the SM capacitor is directly proportional to the output current
magnitude of the MMC and inversely proportional to its frequency. Therefore, during low-speed operation the
SM voltage ripples increase drastically.

3. MODIFIED CPS-PWM

When low-speed operation is used, the voltage reference from the field oriented control (FOC) is
reduced, which will affect the number of SMs inserted into each arm. To understand the reasons behind the
reduction of the inserted number of SMs in each arm consider the (28).

Vs = mcos (wt) (28)

In (28) represents the reference voltage obtained from FOC. This reference voltage is related to the output
voltage by (29).

_ Vdc

Vo == Vref = %mcos (wt) (29)

Substituting (29) in the upper and lower arm voltages in (10), recalling that (ej = vo) and neglecting v,, we get

v, = Lde _ Vacmeos (o) (30)

v = % + w (31)
these arm voltages can also be represented by:

vy =Ny Y Ve (32)

vy =Ny Y Ve (33)

in these two equations, n,, and n; represent the upper arm and the lower arm insertion ratios, where Y v,
represent the sum of SMs voltages in each arm and it's expressed as (34).

ZvcszczN*% (34)
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Where N denotes the total number of available SMs in each arm. The result of substituting (34) in (32) and (33)
is:

v, =,V = % — Jaeln CZOS ©0 (35)

v = andC = % + 7‘/ch025 (@) (36)

each arm's insertion ratio can be determined by rearranging the above equations as follows:

vy _ 1-mcos(wt) 1
nu—i—f—z(l—vref) (37)
_ v _ 1+mcos(wt) _ 1

It is obvious from (37) and (38) that the insertion ratio is directly proportional to the reference voltage.
Therefore, during low-speed operation, the insertion ratio is reduced.
In each arm, the number of SM inserted (N,,, N,) is related to the insertion ratio by:

Nu =n, * N (39)
N, =n;*N (40)

In this paper, the number of inserted SMs in each arm will be increased by one. As a result, the number of
inserted SMs in each arm will vary between (2 to N). As a result, in (39) and (40) becomes:

N, =(n,*N)+1 (41)
N/ =(m *N)+1 (42)

This will result in increasing the total number of inserted SMs in each phase from N to N +2 or (N —
1,N,N+1)to (N+1,N+ 2,N + 3) depending on the modulation mode. This will lead to the reduction of
the SM capacitor voltage from (v, = vy /N) in (43).

v = (43)

T N+2

By reducing the average SM capacitor voltage more voltage ripples can be accommodated without
exceeding the maximum voltage limit. The circulating current control in this paper uses the redundancies
states in the 2 N + 1 modulation mode that was proposed in [22]. The advantage of this approach is that it
controls the circulating current directly by selecting the number of SMs within the arm so that the circulating
current is driven to its reference. By doing this the requirement of injecting additional voltage reference to the
output voltage reference is not needed, which is a big advantage in the VSD application. In general, MMC
can generate N+1 or 2N+1 voltage levels at the output depending on the modulation mode that is used. The
2 N + 1 modulation differs from N + 1 modulation by generating additional voltage levels which are
intermediate voltage levels to that of the N + 1. These intermediate voltage levels are the results of inserting
(N + 1) or bypassing (N — 1) SMs in each phase and are known as the redundant states. These two redundant
states can be utilized to control the circulating current (i,). The basic idea of this circulating current control
method is that if i, is higher than the reference circulating current (i}) then additional SM will be inserted into
each phase (N + 1 state) which will reduce the circulating current. On the other hand, if i, is lower than the (i})
then a SM will be removed from each phase (N-1 state) to increase the circuiting current.

In this paper, this method is modified to reduce the average voltage of SMs during low-speed
constant torque and at the same time control the circulating current without injecting additional voltage to the
reference voltage. Figure 3 illustrates the proposed method. The reference voltage that is obtained from the
FOC is given to the CPSPWM to obtain the level (X). The reference circulating current is compared with the
actual circulating current and the result of the comparison (l) is passed to the selection block. The selection
block is illustrated in Figure 4 and based on the voltage level (X) and output of the comparison (1), The
selection block will decide the number of SMs in each arm (Nuer). This number is then increased by one
(N, N,) to reduce the average voltage of SM during low-speed operation. (N,, N;) are then given to the
balancing method to determine which SM should be turned on based on the SM voltage level, number of SM,
and the direction of the arm current [23]-[25].
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4.  SIMULATION RESULTS
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Figure 4. Selection block

For the purpose of verifying the proposed method, a MATLAB/SIMULINK simulation model of
5-level MMC based VSD was developed. MMC and induction motor parameters are presented in Table 1. The
results presented in this section were obtained by operating the MMC at low speeds (1 Hz, 5 Hz, 10 Hz) with

constant load torque.

Table 1. System parameters

Parameter Value
Inductor motor (IM)  Active power (rated) P =3.75KW
Poles pair PP =2
Current (rated) 1=85A
IM nominal frequency  f, = 50 Hz
Start resistance R;=4.610
Stator inductance Ly =0.797H
Rotor resistance R,=4940
Rotor inductance L.=0.797H
Mutual inductance L,,=0768H
Inertia J=0.03Kg.m2
Torque (rated) Treatea = 23.87 N.m
MMC Dc-link voltage Ve = 600V
Number of SM 4
Arm inductance L=15mH
Submodule capacitance € =1.2mF
Switching frequency f sw=5KHz

4.1. Case 1: Speed=1 Hz (30 rpm)

In this case, the MMC based VSD was operating at a very low speed 30 rpm (1 Hz) with a 40%
load torque as illustrated in Figure 5. Figure 6 illustrates the SM capacitor voltages of phase a. It is clear from

Int J Pow Elec & Dri Syst, Vol. 13, No. 3, September 2022: 1326-1339
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Figure 6(a) that when the conventional CPS-PWM was used the voltage ripples increased and the maximum
voltage has exceeded the maximum capacitor voltage limits (157 V) by 23 V approximately. In contrast, the
maximum voltage ripples in the modified CPS-PWM without and with the circulating currents control
Figure 6(b) and Figure 6(c) respectively were less than the Maximum capacitor voltage limits (157 V) by
27 V approximately.

Speed(rpm)
2

I | I
0 0.2 0.4 0.6 1.2 1.4 1.6 1.8 2

1
Time(s)

Figure 5. Response of the induction motor to 30 rpm speed command
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Figure 6. The voltages of SMs capacitors in phase-a (a) conventional CPS-PWM, (b) modified CPS-PWM,
and (c) modified-CPS-PWM with circulating current control

Thus, by reducing the SM nominal voltage in the proposed method the requirement of increasing the
capacitor rating is not needed. Figures 7(a), 7(b) and 7(c) shows the output currents when the conventional
CSP-PWM and the modified CSP-PWM with or without the circulating current control are used. It is clear
from Figures 7(a) and 7(b) that the MMC output current is not affected by the proposed method. Figure 8
demonstrates the number of SMs in each phase when the conventional CSP-PWM Figure 8(a) and the
modified CSP-PWM (with or without the circulating current control) Figure 8(b) and Figure 8(c) were used.
In conventional CSP-PWM, the average number of inserted SMs in each phase is 4(N=4). On the other hand,
when the modified CSP-PWM the number of SMs in each phase is increased by two and as a result, the
number of inserted SMs in each phase is 6(N+2). When the modified CPS-PWM with the circulating current
control was used the number of inserted SMs varies between 5.6, and 7(N+1, N+2, and N+3). The advantage
of using the modified CPS-PWM with circulating current control is demonstrated in Figure. 9. It is obvious
that the modified CPS-PWM with circulating current control has resulted in less circulating current compared
to the conventional CSP-PWM. The effect of the proposed method on the common-mode voltage (CMV) is
given in Figure 10. It is clear that the CMV when the modified CPS-PWM is used was less than the
conventional CSP-PWM by approximately 18 V. Figure 11 illustrate the upper arm current of phase-a (i)
When the circulating current control is activated, the arm current was reduced in the modified proposed CPS-
PWM, which will result in less power loss in the MMC.

A modified CPS-PWM for capacitor voltage reduction of MMC ... (Safia Babikir Bashir)
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4.2. Case 2: Speed=5 Hz (150 rpm)

In this case, the speed of MMC based VSD was increased from 30 rpm to 150 rpm as shown in
Figure 12. Due to this increase, the SM capacitors voltage ripples were reduced when the conventional CSP-
PWM was used. However, the voltage ripples still exceeded the maximum capacitor voltage limits (157 V)
by 12 V approximately as shown in Figure 13(a), the proposed method has reduced the SM capacitor voltage
ripples and the maximum voltage ripples were less than the maximum capacitor voltage limit for both cases
(with or without circulating current control) as illustrated in Figures 13(b) and 13(c). The output current of
the conventional CPS-PWM and the proposed methods are depicted in Figures 14(a), 14(b) and 14(c)

respectively. Figures 15(a), 15(b), and 15(c) on the other hand, show the number of inserted SMs for the
conventional and the proposed methods.
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(¢) modified-CPS-PWM with circulating current control
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4.3. Case 3: Speed=10 Hz (300 rpm)

To further investigate the proposed method, we increased the speed to 300 rpm (10 Hz) in Figure 16.
By increasing the speed, the SM voltage ripples were reduced significantly as shown in Figure 17. Therefore,
it can be concluded that the proposed method is most needed when the speed is less than 10 Hz.

400

350
300
'E;zsu
= 200
S150
100
50
s p; 0 i 20 2 30 0 5 10 rind ) 20 25 30
Figure 16. IM response to 300 rpm speed command Figure 17. SMs capacitor voltages of phase-a

conventional CPS-PWM

5. CONCLUSION

The use of MMC in VSD applications has been limited due to large capacitor voltage ripples caused
by the low-speed constant torque operations. This paper proposes a method to modify the CPS-PWM to reduce
the average voltage of SM Capacitors. By doing so, more ripples can be accommodated without exceeding the
maximum SMs capacitor voltage limit. The advantage of the proposed method is that it does not increase the
power losses of the MMC and the component ratings remain the same throughout the entire speed range.
Simulation results have demonstrated the effectiveness of the proposed method.
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